Figure 1. APRA Methodology and FMRP Macroarray Data
(A) Antibodies were conjugated to an oligo containing a restriction site 5Ј to the T7 RNA polymerase consensus sequence and terminating in a 15 degenerate nucleotide sequence at its 3Ј end. The antibody was applied to fixed and permeabilized cells from primary cultures. Firststrand cDNA synthesis was performed in situ with antibodies positioning the oligo in close proximity to RNA sequences accessible to interaction with the degenerate nucleotide sequence at the 3Ј end of the oligo (black bar). The Ab-DNA complex is then removed from the cells in primary culture, and second-strand cDNA synthesis (red bar) is done in vitro. Double-stranded DNA is removed from the Ab by restriction digestion and is then processed through two rounds of aRNA amplification with the second aRNA reaction incorporating 33 P-radionuclides prior to screening cDNA macroarrays. (B) Immunostaining with 1C3 mAb before DNA attachment and following DNA attachment show similar staining distribution and intensity at equivalent dilutions. Note the mainly neuronal labeling of the 1C3 antibody. Scale bar equals 15 m. (C) Following processing, 33 P-radiolabeled aRNA was applied to Neuroarrays. Consequently, true positives should hybridize in the same manner on each half of the array (compare left side to right side). Representative results using the long oligo or short oligo with either 1C3 mAb (n ϭ 6), mouse IgG1 (n ϭ 3), or anti-tau mAb (n ϭ 3) are shown. (D) One field of a representative GF300 macroarray illustrates the signal distribution pattern obtained for probes generated by 1C3 APRA (n ϭ 3). (E) Comparison of the lower left quadrant of Grid 6 between 1C3 (1C3 mAb) and anti-FXR1P (2107 pAb; n ϭ 2). Red circles highlight candidate FMRP cargoes and the reciprocal grid location in an anti-FXR1P APRA. These data demonstrate discernible differences with some overlap between mRNA targets of FXR1P and FMRP. (F) Neuroarray analysis generated with the short oligo (n ϭ 3) and the long oligo showed distinct differences in those RNA cargoes in proximity to the FMRP complex. Red circles highlight differences in these macroarray analyses.
parisons between the set of targets identified by 1C3-Purine Quartet Analysis of FMRP-Associated RNA Cargoes long and 1C3-short APRAs show a similar pattern of identified genes with only a marginally higher (9%) numUsing a Perl script we developed based on regular expression motif search, we searched for the consensus ber of putative cargoes identified by the long oligo (Figure 1F ). These data suggest that a majority of the mRNAs sequence (DDGG- copies of the G-quartet motif were present in 18 cargoes (Table 2) . Six more contain a highly similar G-quartet motif with a spacer region (N) of 3 nucleotides instead of Secondary In Vitro Assays Confirm Direct Interactions with FMRP 0-2 denoted above. However, it is unclear if this change would disrupt the secondary structure required to form The APRA-defined FMRP positives (see Experimental Procedures) were interpreted as putative in vivo targets the G-quartet structure. This analysis shows that while some FMRP targets do indeed contain G-quartet motifs, of the RNA binding activity of FMRP. We observe ‫%91ف‬ of the cDNAs on the Neuroarray (223/1153) and ‫%61ف‬ there appear to be other cis-acting sequences in FMRP cargoes that confer binding to FMRP. on the GF300 macroarrays (818/5000) meet this criteria. We next asked whether these putative in vivo targets could directly associate with FMRP. We performed two FMRP Cargoes Show Altered Subcellular Distribution classical tests to assess the ability of individual mRNAs and Abundance in Fmr1 Null Mice to bind to a RBP: filter binding assays (FBA) and UV Next, we examined the impact of Fmr1 gene silencing crosslinking (UVX). Eighty-three of the initial positives (The Dutch-Belgian Fragile X Consortium, 1994) on the from the Neuroarray screen were evaluated in this man-RNA distribution and abundance for a small subset of ner. We present a subset of 1C3 APRA positives that these FMRP cargoes at a single developmental time are representative of the differences in intensity in hypoint. In situ hybridization (ISH) was performed on parabridization signal and the diversity of functional elesaggital sections from wild-type (wt) and Fmr1 KO mice ments encoded by these putative mRNAs cargoes (Fig-(Figures 3 and 4) to determine changes in subcellular ure 2A). For these experiments, recombinant FMRP localization of the corresponding RNAs at age P15. (Figure 2B ) was incubated with in vitro transcribed, raThree general patterns were observed in these studies. diolabeled cRNA. Samples were then processed for the In the first, the loss of FMRP does not appear to alter ability to bind to nitrocellulose filters (FBA) or migrate the subcellular distribution of the G protein-coupled reon a denaturing polyacrylamide gel at the appropriate ceptor kinase 4 (GRK 4) and Cu/Zn superoxide dismu-MW following RNase digestion of the UV-crosslinked tase 1 (SOD 1) within the Purkinje cells of the cerebellum, FMRP-RNA complex (UVX). When assessed for their where a majority of the signal is confined to the soma ability to bind FMRP directly in FBAs ( Figure 2C ; see in wt and KO mice. The second pattern, exemplified Supplemental Figure S3 at http://www.neuron.org/cgi/ by RGS5 and dystroglycan-associated glycoprotein 1 content/full/37/3/417/DC1), a subset of the target tran-(DAG1) mRNA, shows a change in the distribution of scripts, such as ribosomal protein L13a RNA, bound to the signal in KO mice. Here, dendritic staining in the FMRP at less than 20% relative to the binding of FMRP hippocampus (molecular layer) is largely absent followto Fmr1 RNA. The use of Fmr1 RNA binding to FMRP ing the loss of FMRP. High-power views clearly show protein is a convenient standard used in the field since the dendritic localization of these mRNAs. These images Fmr1 mRNA was the only known specific RNA cargo for are not as uniform as the lower-magnification images FMRP for several years. In the UVX assay ( Figure 2D ; due to the refractive properties of imaging through a see Supplemental Figure S3) We next sought to determine whether the FMRP carused full-length mRNA for these binding studies, but in goes are altered in abundance in KO mice relative to wt a few cases, the full-length clone was unavailable. We mice by Northern blot analysis ( Figure 5A ). Total RNA cannot exclude the possibility that some of our negative from the cortex of wt or KO mice was probed with radioresults are due to the fact that the sequence required labeled cDNA corresponding to DAG1 or p40/LRP for binding was not present in the synthesized cRNA. To mRNA. The reduced abundance of these two mRNAs our knowledge, no comparable large-scale verification in the absence of FMRP mirrors the changes observed with targets derived from micro-or macroarray analysis with ISH. It is unclear how these data may differ at other has been presented in other studies of FMRP-associages, as these data reflect RNA isolated from P14-P16 animals. ated RNA cargoes. To expand upon these data, we performed real-time significant measurable difference by real-time PCR with the message reduced 3-to 4-fold in the KO preparations PCR on hippocampal RNA from four KO and four wt mice for nine FMRP bound mRNAs. Those tested include ( Figure 5B ). Taken together, these data suggest that FMRP may affect both abundance and localization of ␤-adaptin, ADP ribosylation-like factor (ARL3), CDK4, FK506 binding protein 3 (FKBP25), ␣-Fodrin, GRK4, p28/ its RNA cargoes. gankyrin, RGS5, and SOD1, all of which were compared to the signal obtained from ␤-actin. Because whole hip-RNA Cargo-Encoded Proteins Are Redistributed in Subcellular Fractions in Fmr1 Null Mice pocampi were used to isolate RNA, we did not expect to see a marked difference in the levels of transcript To evaluate whether the changes in RNA distribution and abundance were associated with changes in protein present for each mRNA tested. Only GRK4 showed a which is processed from the same protein precursor as ␤-DAG. The reduction in CDK4 and RGS5 protein in CDK4, ␣-fodrin, and gankyrin; Figure 6 ). We assumed that a KO-wt difference in total lysates would reflect synaptic areas with no detectable change in the total cellular lysate suggests a selective reduction in the tardifferential overall protein expression, while a difference in synaptoneurosomes, not mirrored in total protein lygeting of these proteins to synaptic areas. These data suggest changes in subcellular distribution of some of sate levels, would indicate differential protein localization within the cell. This analysis indicated a difference the proteins encoded by FMRP mRNA cargoes with diminution of protein levels in synaptically enriched arin total lysate values for GRK2 and ␤-DAG1 and a difference in synaptoneurosome values for GRK2, CDK4, and eas. GR and SOD did not differ in either preparation, showing that there is not a generalized decrease in syn-RGS5. ␤-DAG shows a different distribution with a decrease in total amount of protein but no change in synapaptoneurosome protein abundances in the cortex of KO animals. tically localized DAG1. In combination with the DAG1 mRNA decrease observed earlier, this suggests a comIt is important to note in discussing protein abundances, mRNA abundances, and mRNA subcellular dispensatory pathway to sustain basal levels in perisynaptic areas. We chose to examine both GRK4 and GRK2 tribution that the measurements that were done used Table 1 were found to possess a canonical motif. For this analysis, the full-length transcripts for RNA cargoes in Table 1 were identified in GenBank and searched with the aid of NeoInformatics software. The sequence of the G-quartet, its location in the mRNA, and the GenBank accession number for the mRNA used in the search are denoted. Results of FBA and UVX and the presence of the purine-quartet in the mRNA used for these assays are also shown. tissue sources from hippocampus, cortex, or cerebellum sion (Figure 7 ; F ϭ 6.47; df ϭ 1,15, p Ͻ .05). In the CA1 region of the hippocampus, optical density measureand that they represent young animals (15-35 days). It is possible that these results may differ in a tissue-and ments detected less GR␣ in the initial dendritic segment contained within the stratum radiatum of KO compared age-specific manner.
to wt animals. These data contrast with Western blot data (Figure 6 ), indicating no differences in GR␣ expresWild-Type and KO Differences in the Immunolocalization of the FMRP sion levels in cortical synaptoneurosomes, which may reflect a cortex versus hippocampus difference. In addiCargo Encoding GR␣ As an alternative approach to analyze possible exprestion to GR, several other proteins were examined using ICC including the ␦ subunit of the GABA A receptor. Presion differences, immunohistochemistry was performed on CNS tissue from KO and wt mice to determine patliminary observations indicated that differences in the dendritic localization of the proteins between KO and terns of protein localization for several FMRP cargoes. GR␣ immunoreactivity in dendrites was examined quanwt animals for these proteins were not detected; hence, these proteins were not examined in a quantitative mantitatively using densitometry by assessing the ratio of the level of dendritic expression in stratum radiatum ner. Taken together, these data suggest a specific perturbation in GR␣ expression in hippocampal dendrites versus the pyramidal cell layer. This revealed a statistically significant difference in the pattern of GR␣ expresas a result of FMRP absence. One aspect of the current methodology is that it is potentially applicable to varying isolated cell types. By doing FMRP.
After confirmation of FMRP binding using in vitro asso, we may learn a great deal about the distinction between the physiological role FMRP plays in the specifisociation assays, we found that the proteins encoded by RNA cargoes associating with FMRP fall into multiple cation of cell function. The array platform used in the previous co-IP study, functional classes (Table 1) Table 1 Also contributing to the differences between the identities of FMRP targets is the methodology itself. The co-IP strategy will precipitate mRNAs not directly associated with FMRP due to its association with other RBPs. Additionally, when the mRNP complexes are removed (Table 1) . While some of these or their encoded proteins in the absence of FMRP. We loci are quite broad (e.g., 17q), most are more specific. demonstrate here an apparent change in both the localGiven the cosegregation of these loci, it is intriguing to ization and abundance of some of these mRNA cargoes speculate that polymorphisms in some of the FMRP as well as the proteins they encode. Altered expression RNA cargos may contribute to both FXS and autism patterns of the RNA cargoes and their encoded protein clinical pathology and in other disorders associated with suggest that the loss of FMRP in FXS may promote the stereotypy, social impairment, and other autism characaccumulation of a series of spatially restricted structural teristics. and signaling imbalances.
The identification of FMRP RNA cargoes gives rise to speculation on how FMRP loss alters specific cellular
Experimental Procedures
pathways. Consequently, we will limit our discussion to (see Table 1 ). Within the 26 S proteasome, the S6 ATPase of the regulator complex is one of six "base" ATPases which belong to the AAA superfamily that are thought with RNase A (25 g/ml) with 1 mM CaCl 2 . Samples were run on 7% Coverslips were rinsed twice in H 2 O. In situ transcription cDNA was Tris-Acetate gels (Novex), dried, and apposed to a phosphorimager performed as previously described (Tecott et al., 1988) . Newly synscreen for 72-96 hr. Incubation with increasing concentrations of thesized cDNA was removed from the cells using 25 l of 0.1 N unlabeled RNA could block the interaction between radiolabeled NaOH (freshly made) and transferred to a microcentrifuge tube. 10
RNAs and FMRP (data not shown). l of 1 M Tris (pH 7.2) was added to neutralize the NaOH, and second-strand cDNA synthesis was performed as previously described (Eberwine et al., 2001) . Next, the DNA was removed from KO Mice and Wild-Type Controls the antibody by cutting the double-stranded cDNA at the BamHI All subjects were derived from a sixth generation backcross (N6) of restriction site located 5Ј to the T7 RNA polymerase promoter site. a 129 ϫ FVB ϫ C57Bl/6 mouse described by the Dutch-Belgian After restriction enzyme digestion, 10 g of tRNA carrier was added Consortium ( Standard curves for each primer set verified that a single amplification product was obtained. KO and wt mice were sacrificed at P28.
Plasmid Vectors
Hippocampi were dissected and RNA extracted. One microgram of The DNA insert of the longest available IMAGE clone (80% were total RNA was used in a reverse transcription (RT) reaction (Superfull-length) was PCR amplified with flanking primers, each of which script RTase, Invitrogen) in a final volume of 20 l. For relative realcontained a RNA polymerase promoter site (T7, SP6, or T3). These time PCR, a 25 l reaction for each primer set was assembled using templates were used to generate the riboprobes used in the FBA 2ϫ SYBR Green PCR master mix (Applied Biosystems) along with and UVX assays. For ISH studies, templates were digested with the 0.5 l of the RT reaction. A ␤-actin primer set was used to normalize appropriate restriction enzyme to yield ‫1ف‬ kb riboprobes with no the results for each sample tested. Primer sequences used in these known sequence similarity to other isoforms or other mRNAs. Where studies can be found in Figure 5 . Reactions were run on a Taqman necessary (e.g., gankyrin), a noncross-reacting sequence (first 100 7700 (Applied Biosystems) and data analysis performed by the acnt of coding region) was subcloned into a vector that was used to companying software. generate isoform-specific riboprobes. 
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